Fine powder of iron oxide has been required in the preparation of ferromagnetic α"-Fe 16 N 2 powder in low temperature nitridation. Its particle size of about 30 nm and less humidity content was crucial in the reproducible α"-Fe 16 N 2 preparation in high yield.
Introduction
Large magnetization value has been expected for α"-Fe 16 N 2 thin films [1] [2] [3] . Their reported magnetization values were scattered between 360 emu•g -1 and the values comparable to 210 emu•g -1 of α-Fe [1] [2] [3] [4] [5] [6] . Its preparation in powder form is necessary to clarify the property but was very difficult for several reasons. Several preparation methods have been reported to obtain the bulk α"-Fe 16 Hydrogen purity was higher than 99.99% and the diameter of tube furnace was 25 mm as in our previous study 15 . Ammonia, supplied by Sumitomo Seika Chemicals Co. Ltd., with purity of 99.9995% was introduced at 50 mL•min -1 to the reaction tube without exposing the reduced powder to air. The ammonolysis was performed at 160 °C for 15 hrs.
The nitrided products in the reaction tube were introduced to a glove box with a dew point below -110 C and an oxygen concentration of 0.01 ppm (Miwa MFG Co. Ltd., NM3-P60S). Magnetization at ambient temperature was measured with the products sealed in acrylic resin capsules, using a vibrating sample magnetometer (Riken Denshi Co. Ltd., BHV-50) in a magnetic field of ±15 kOe. Other part of the nitrided products was dipped in silicone oil to prevent air exposure and rapid oxidation. Powder x-ray diffraction (PXRD) was performed using monochromatized Cu-Kα radiation in a diffractometer (Rigaku, Ultima IV).
The yield of α"-Fe 16 N 2 was estimated by Rietveld fitting of the PXRD data using the program RIETAN-2000 17 . Mössbauer spectroscopy was performed using γ radiation from 57 Co/Rh in equipment supplied by Topologic Systems Co. Ltd. The spectrum was analyzed using the program MossWinn 3.0i.
Results and discussion
The products obtained after the heating in autoclave at 200 C for 48 hrs were magnetite with their respective crystallite sizes of 14, 40, 43, 44 nm estimated from the line broadening of the main diffraction peak depending on the amount of Fe(acac) 3 starting materials as shown in Fig. 1 . Magnetization at 15 kOe was not saturated on the products BA2 and BA4 and their values were much smaller than the saturated values on BA6 and BA8 as represented in Fig. 2 . Superparamagnetic component in the product was expected to be present because of their smaller particle size than the critical size of about 10 nm as shown in Fig. 3 . TEM observation in Fig. 3 showed an agglomeration of irregular particles of about 10 nm on the BA2 product, and rhombohedral particles were clearly observed on the BA6 and BA8 products of particle size in 20 ~ 100 nm. Relative amount of the paramagnetic component was larger in the heated product suspended on the surface of benzyl alcohol than that settled in the solvent because of its smaller particle size. Carbon contents were less than 0.5 wt% in these oxides in their CHN analysis. The paramagnetic species observed in Mössbauer spectrum was assumed to be the superparamagnetic iron oxides having smaller particle size.
These iron oxide products were reduced to α-Fe in hydrogen stream at 400 °C for 10 hours instead of the previous reduction temperature at 600 °C because of their smaller particle size than the previous case 13, 15 , in order to suppress their grain growth below 100 nm. When the temperature was 600 °C, the reduced -Fe grew above 1 m in grain size, which was too large to be nitrided with high homogeneity 14 . The smaller particle size in iron oxide led to the larger particle size in α-Fe through their sintering during the hydrogen reduction as depicted in Fig. 5 . Sintering was more enhanced between the α-Fe smaller particles during the hydrogen reduction of the iron oxide with smaller particle size. The nitrided products were mixtures of α"-Fe 16 N 2 and α-Fe as shown in Fig. 6 . Their α"-Fe 16 N 2 contents increased from 35 wt% on the product prepared from BA2 to 66 wt% on the product from BA8 (see Fig. S1 and Table S1 of supporting information). The yield of α"-Fe 16 N 2 was smaller in the ammonia nitrided product of α-Fe with the larger particle size. In our previous study, Fe 3 O 4 nanoparticle with a particle size of 40 nm prepared from aqueous solution was used as a reference of the starting powder in low temperature nitridation.
Although the Fe 3 O 4 had a similar particle size to BA6 and BA8 prepared in this study, the nitrided product was a poorly crystallized mixture of "- Thick solid, thin solid, dotted and broken lines represent curves for the products BA2, BA4, BA6 and BA8, respectively. Thick solid, thin solid, dotted and broken lines represent curves for the products BA2, BA4, BA6 and BA8, respectively. Thick solid, thin solid, dotted and broken lines represent curves for the nitrided products from BA2, BA4, BA6 and BA8, respectively.
